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Deformation mechanism in nanocrystalline Al: Partial dislocation slip
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We report experimental observation of a deformation mechanism in nanocrystalline
face-centered-cubic Al, partial dislocation emission from grain boundaries, which consequently
resulted in deformation stacking fauliSF9 and twinning. These results are surprising becdlise
partial dislocation emission from grain boundaries has not been experimentally observed although
it has been predicted by simulations d@ildeformation stacking faults and twinning have not been
reported in Al due to its high SF energy. 2003 American Institute of Physics.
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Nanocrystallingnc) materials are believed to deform via tion from C, N, H, and O. The ball-milled powder, with
mechanisms that are fundamentally different from thosedypical agglomerate diameters from 20 to 56m, was
present in their coarse-grained counterprfsA deforma-  pressed to form a small pellet, which was then mechanically
tion mechanism, via partial dislocation emission from grainground to a thickness o0& 30 um. Further thinning to a
boundaries or free surfaces, has been predicted to operatetinickness of electron transparency was carried out using Ga-
nc fcc metals by simulatiors,2° but has never been experi- tan precision ion polishing system with Araccelerating
mentally verified. Such a mechanism, if proven true, couldvoltage of 4 kV. Transmission electron microsco{@EM)
help us understand the effect of length sqélem microme-  investigation was carried out using a JEOL 3000F transmis-
ter to nanometgron the deformation mechanism in fcc met- sion electron microscope operating at 300 kV.
als. It could also shed light on the unique, superior mechani-  Figure 1 shows that in the milled powder some grains
cal properties of nc materiatd;* some of which exhibit are elongatedFig. 1(a)] while others are equiaxefFig.
both high strength and excellent ductiltfyz*3It is the objec-  1(b)]. The diameters of most equiaxed grains and the widths
tive of this investigation to experimentally verify this defor- of most elongated grains are smaller than 100 nm.
mation mechanism.

Al powder with a purity of~99.9 wt% (Valimet) was
ball milled in liquid nitrogen. The starting powder consists of
equiaxed particles with diameters ranging from 0.5 {en.

The ball milling was performed in a modified Union Process
1-S attritor(Szegvari with a stainless steel vial and stainless
steel ballg6.4 mm in diametgras milling media. The vial is

a vertical cylindrical tank in which the powder and balls are
charged. The ball-to-powder weight ratio is 32:1. Prior to
milling, 0.2 wt% stearic acid[ CH3(CH,),CO,H] was
added to the powder as a control agent. No adhesion of the
powder to the milling tool occurred during the process. Dur-
ing the milling, liquid nitrogen was added into the vial to
maintain a complete immersion of the milling media at the
temperature of-196 °C. The balls and powder were stirred
by horizontal impellers attached to a vertical shaft rotating at
180 rpm. The milling duration was 8 h. The composition of
the milled powder was analyzed at a commercial laboratory
(Luvak Inc., Boulston, MA and is listed below in weight
percent: 0.05 Fe, 0.013 Cr, 0.003 Mn, 0.002 Mo, 0.05 Si, 0.2
C, 0.4 N, 1.45 O. The iron content did not show measurable
increase after the ball milling, indicating little contamination
from the milling media. However, there could be contamina-

FIG. 1. Nanograins in Al powder ball-milled in liquid nitrogefa) Elon-
¥Electronic mail: yzhu@lanl.gov gated grains an¢b) equiaxed grains.
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The SF width shown in Fig.(B) was likely affected by
both resolved nucleation stré3snd the diffusion of impu-
rities to the SF after ball milling. The former can only ac-
count for a very small fraction of the SF width shown in Fig.
2(b). We believe that the latter is mostly responsible for the
wide SF. As the milled powder sample was kept at room
temperature, impurities may have diffused into the SF, low-
ering the SF energy, which led to a wider stacking fault.

Most of the partial dislocation pairs that are connected
by a SF would become a compact screw dislocation if forced
to collapse together. As shown in Figb2, a Burgers loop
around the SF reveals no edge component. The partials were
not necessarily formed by the dissociation of a compact
screw dislocation. Molecular dynamics simulations indicated
that grain boundaries successively emit the leadingl14
and trailing 1/6121] Shockley partial dislocations con-
nected by a stacking fauit® More investigation is needed to
understand why these partial dislocation pairs mostly have a
combined screw characteristics instead of edge characteris-
tics.

Figure Zc) shows a deformation twin with a thickness of
two atomic planes. Such a twin was formed by the dynamic
overlapping of two extended partial dislocations with SFs on
adjacent slip planésAs shown, the two SFs are only par-
tially overlapped. This twinning mechanism is different from
the well-known pole mechanisfi;!” in which one partial
dislocation forms a whole twin via climbing a screw dislo-
cation pole to adjacent slip planes. In contrast, the twin
shown in Fig. Zc) was formed by the coincidental overlap-
ping of two partial dislocation paifsSF9 on adjacent planes.
The twin can grow thicker by adding more SFs on either side
of the twin®

We did not observe partial dislocation in grains smaller
than 45 nm. This could be caused by one of the following
two factors. First, partial dislocation pairs traveling inside a
very small grain could have been attracted to the grain
boundary and disappeared on it after the ball milling
FIG. 2. (a) SFs on(11)) planes, which are marked by black arrows. Only stopped. Such d.ISIO(:atlon-gram b_oundaw mtera.‘cnon be-
full dislocations were observed on (1)Lplanes, which have a much longer comes stronger with d?creas'”g grain size. In fact, it h.as been
path length than thél11) planes.(b) Atomic level image of a typical SF. A reported that nanograins generated by severe plastic defor-

Burger’s loop around the partial dislocation pair revealed no edge dislocamation are dislocation free in their interior when their sizes

tion component, indicating that the two partial dislocations have a combineq_ll,e smaller than a critical Val&é—zo Second. the resolved
screw dislocation characteristickc) A deformation twin formed by the ) !

overlapping of two extended dislocations on adjacent slip planes. shear stress to emit partial dislocations increases with de-
creasing grain sizThe processing condition in the current
experiment might not have generated shear stress high
Figure 2 shows high-resolution TEM micrographs(@f  enough to activate the emission of partial dislocations from
stacking faults(SF9 (marked by arrows (b) the atomic  poundaries of grains smaller than a certain critical size.
level image of a typical SF, an@) a deformation twin in nc The resolved shear stress to movielladislocation from
Al. On (119 slip planes that have a path length for disloca-a grain boundary into a grain has been suggested by an ana-
tion motion of~50 nm SFs are observégig. 2@)]. The SF  |ytical modef* to be greater than the stress required to ex-
density is 6<10"* m™2. In contrast, on (11)Lplanes with a tend apartial dislocation into the same grain for fcc metals
path length of~150 nm, only full dislocations with a high- with a small grain size. The model predicts a stress obtain-
density of 3< 10'® m~2 are observed. The SFs are formed byable under ball-milling condition.g., 410 MPa for 50 nm
the grain boundary emission of leading and trailing Shockleyal graing) for partial dislocation emission, and below 15 nm
partial dislocations, which is consistent with the molecularit indicates that partial dislocations are emitted at a lower
dynamics simulatiofi. In addition, the partial dislocation stress than full dislocations. Although the model provides
emission depends on the dislocation path length on the slipnly preliminary insight, it does qualitatively explain the de-
planes on which they glide. This result suggests a transitioformation mechanism transition observed in this study.
from full dislocation slip to partial dislocation slip with de- In summary, we have observed a deformation mecha-

creasing grain size. nism, partial dislocation emission from grain boundaries in
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